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1  | INTRODUC TION
The	 isotopic	 ratio	 of	 elements	 such	 as	 hydrogen,	 oxygen,	 carbon,	
nitrogen	and	sulphur	varies	systematically	across	the	natural	envi-
ronment.	Modelling	 these	 spatial	 differences	 through	mechanistic	
or	statistical	models	(isoscapes	[West,	Bowen,	Dawson,	&	Tu,	2010])	





2008;	Hobson,	 1999;	Hobson,	 Barnett-	Johnson,	 &	 Cerling,	 2010),	
trophic	ecology	(Jennings	&	van	der	Molen,	2015;	Olson	et	al.,	2010)	
and	 traceability	 within	 consumer	 goods	 supply	 chains	 (Chesson,	
Valenzuela,	O'Grady,	Cerling,	&	Ehleringer,	2010;	Kelly,	Heaton,	&	
Hoogewerff,	 2005).	 Isoscapes	 have	 been	 used	 extensively	 in	 ter-
restrial	 ecological	 and	 forensic	 applications,	 particularly	 isoscapes	
describing	 spatial	 variations	 in	 hydrogen	 and	 oxygen	 isotopes	 of	
precipitation	 (Bowen,	 2010).	 Spatial	 variation	 in	 isotopic	 composi-
tions	 in	marine	systems	has	also	been	explored	(Cherel	&	Hobson,	
2007;	 Schell,	 Saupe,	 &	 Haubenstock,	 1989).	 However,	 relatively	
few	 	continuous	 surface	 isoscapes	 have	 been	 published	 in	 marine	
compared	 to	 terrestrial	 systems,	 probably	 due	 to	 the	 difficulty	 in	
obtaining	sufficient	reference	samples	over	appropriate	spatial	and	
temporal	scales.
To	 construct	 a	 continuous	 surface	 isoscape	 model,	 isotopic	
compositions	 of	 reference	 materials	 or	 organisms	 are	 typically	
projected	 across	 space	 using	 either	 spatial	 interpolation	 methods	
(Trueman,	MacKenzie,	&	St	John	Glew,	2017;	Vander	Zanden	et	al.,	

















from	 discrete	 sampling	 points;	 therefore,	 irregular	 spacing	 of	 ref-
erence	samples	produces	spatial	gradients	 in	 isoscape	uncertainty,	




quantified	 across	 space	 (Bowen	 &	 Revenaugh,	 2003;	 Courtiol	 &	
Rousset,	2017).	To	date,	many	isoscape	models	either	assume	spa-
tially	 invariant	 uncertainty	 in	 the	 relationship	 between	 measured	
data	 and	 environmental	 correlates	 (Jennings	 &	Warr,	 2003),	 infer	























globally	 productive	 fisheries,	 regionally	 significant	 oil,	 gas	 and	 re-
newable	 energy	 resources	 and	 infrastructure	 and	 intensive	 ship-






Aequipecten opercularis	 from	 known	 catch	 locations	 as	 reference	















basin	 scale	marine	 isoscape	predictions,	 yet	many	existing	model-
ling	techniques	do	not	enable	easy	incorporation	of	coastlines	and	
boundaries	(Table	1).
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2  | MATERIAL S AND METHODS
2.1 | Data collection and stable isotope analysis
To	 construct	 isoscape	models	 of	UK	 shelf	 seas,	we	 collected	 627	
jellyfish	 samples	 of	 seven	 different	 species	 (Barrel	 Rhizostoma 
pulmo,	Blue	Cyanea lamarckii,	Compass	Chrysaora hysoscella,	Crystal	
Aequorea victoria,	Lion's	Mane	Cyanea capillata,	Mauve	stinger	Pelagia 
noctiluca	and	Moon	Aurelia aurita)	from	308	stations	across	the	UK	
shelf	between	August	2015	and	December	2016	(Figure	1).	Samples	
were	 collected	 on	 board	 the	 RV	 Cefas	 Endeavour	 (Cefas),	 MRVs	
Scotia	(Marine	Scotland),	Thalassa	(Ifremer)	and	RV	Celtic	Explorer	
(Marine	 Institute)	during	 annual	 fisheries	 surveys.	We	opportunis-
tically	 collected	 further	 samples	 from	 small	 commercial	 fisheries,	
research	 and	 private	 vessels.	 Jellyfish	 were	 collected,	 identified,	
weighed	and	measured	on-	board	before	thorough	washing	with	salt	










United	 Kingdom,	 in	 autumn	 2015.	 Accuracy	 and	 precision	 were	
monitored	 through	 laboratory	 internal	 standards	 (LSMSF:	 MSAG,	
M2	and	SAAG2)	and	an	in-	house	comparison	standard	(ARCOS	glu-













compositions	 by	 averaging	 (mean)	 the	 among-	individual	 standard	
deviation	 of	 the	 same	 species	 occurring	 at	 the	 same	 sampling	 lo-





sea	 surface	 temperature	 (SST)	 level	 three	 (instrument	 calibrated)	
monthly	 average	 data	 from	 the	 MODISA	 satellite	 (NASA	 Goddard	
Space	Flight	Center,	2014)	between	March	and	September	in	2015	and	
2016	over	 the	spatial	 range	of	 the	UK	shelf	 seas	at	4-	km	resolution	
(Figure	2).	We	downloaded	bottom	temperature	(BT),	surface	salinity	
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(Figure	2)	and	a	temperature	difference	(Tdiff)	surface	by	subtracting	
bottom	 temperature	 from	 SST	 raster	 surfaces.	 We	 acquired	 water	
















ignores	 spatial	 dependency	 between	 sampling	 locations.	 Through	
the	latent	Gaussian	field	with	Matérn	correlation,	r-inla	provides	a	
means	to	explicitly	incorporate	spatial	dependency:	
where	y(si)	 are	 the	 response	values	at	 all	 sampling	 locations	which	




























effects,	βi	 is	 a	 vector	 of	 parameters	 to	 be	 estimated,	Ui	 is	 the	
species	 random	 effect	 with	 assumed	 Gaussian	 distribution,	Wi 
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the	Matérn	 correlation,	 and	 εi	 contains	 the	 independently	 dis-
tributed	residuals.	Full	global	models	including	all	environmental	
covariates,	specifying	no	interaction	terms	and	first-	order	inter-
action	 terms	 were	 tested	 (Table	3),	 as	 we	 had	 no	 prior	 expec-
tations	of	covariate	or	interaction	significance.	Model	selection	








of	 the	UK	 shelf	 study	 area,	 and	 additional	 variance	 introduced	







6  |    Methods in Ecology and Evoluon ST. JOHN GLEW ET aL.
We	used	the	best	model	for	each	isotope	to	predict	isotopic	com-
positions	 across	 the	whole	 spatial	 domain	using	 continuous	 raster	
surfaces	of	scaled	environmental	variables	as	predictors.	Response	
variables	 were	 estimated	 at	 all	 mesh	 vertices,	 which	 were	 then	





incorporating	 depth	 as	 a	 covariate.	 All	 jellyfish	 samples	were	 col-




mapped	 to	produce	 isoscapes	and	model	 variance	 surfaces	 repre-
senting	expected	isotopic	compositions	for	jellyfish	(or	a	similar	pe-
lagic	generalist	consumer)	accounting	for	the	species	random	effect.
2.4 | Comparing INLA and kriging isoscape models 
for single species isoscapes
To	 assess	 the	 differences	 between	 the	 traditional	 ordinary	 krig-






likely	 origin	within	 the	North	 Sea	 (Figure	5)	 based	 on	 similarity	 be-
tween	measured	isotopic	compositions	and	isoscape	predictions	using	
multivariate	normal	probability	distributions.	Assignments	were	made	



















crystal	 jellyfish	 where	 among-	individual	 variation	 was	 higher	 for	
both	δ13C	 (1.08‰)	and	δ34S	 (0.75‰)	 (Table	2).	Within-	species	dif-
ferences	in	nitrogen	were	more	variable	ranging	from	0.44‰	in	blue	
jellyfish	 to	1.65‰	 in	 crystal	 jellyfish	 (Table	2).	Among-	species	dif-
ferences	ranged	considerably	between	species	and	isotope	(Table	2).	
δ34S	differences	were	relatively	constrained	with	differences	rang-
ing	 from	 0.01	 to	 1.45‰	 whereas	 δ13C	 differences	 ranged	 from	
0.03‰	(between	mauve	stingers	and	compass	jellyfish)	to	3‰	(be-
tween	barrel	 and	compass	 jellyfish).	Among-	species	differences	 in	
δ15N	varied	over	the	largest	range,	from	0.02‰	between	lion's	mane	
and	blue	jellyfish	up	to	7.1‰	between	barrel	and	mauve	jellyfish.
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surfaces	for	the	North	Sea,	with	isotopic	differences	in	each	grid	
cell	primarily	 falling	between	±1—1.5‰	 (Figure	5).	The	 	regions	
where	isotopic	difference	is	seen	to	be	greater	(2–4‰)	are	the	
areas	 where	 no	 jellyfish	 samples	 occur,	 such	 as	 the	 southern	
North	 Sea.	 Larger	 differences	 in	 nitrogen	 isotope	 predictions	
are	also	seen	across	the	central	North	Sea	(Figure	5b),	demon-































3.4 | UK shelf sea isoscape models
Global	models,	including	first-	order	interaction	terms,	were	the	best-
fit	for	carbon,	nitrogen	and	sulphur	isoscapes;
Best-fit	models	 for	 carbon	and	sulphur	UK	shelf	 sea	 isoscapes	
had	moderate	 fit	 (R	=	0.47,	p < 0.05 and R	=	0.50,	p	<	0.05	 respec-
tively)	 (Table	3).	 The	 best	 fitting	 nitrogen	 isoscape	 model	 had	 a	
stronger	fit	(R	=	0.80,	p	<	0.05)	(Table	3).
Minimal	 residual	 isotopic	variability	between	species	 remained	






in 15N	 and	 crystal	 jellyfish	 displaying	 relatively	 high	 δ15N	 values	
(Figure	7b,	Table	1).
Spatial	 distributions	 of	δ13C	values	within	 the	North	 Sea	 are	
consistent	with	previous	findings	showing	relatively	low	δ13C	val-
ues	 (−18	to	−17‰)	 in	 the	central	North	Sea	and	higher	δ13C	val-




Belgian	 coasts	 of	 the	 English	 Channel	 and	 southern	 North	 Sea,	
off	 the	 southwest	 coasts	of	Cornwall	 and	north	of	 the	 Irish	Sea	












Barrel Blue Compass Crystal Lion’s mane Mauve Moon
Carbon	(‰)
Barrel 0.37 NA −3.0 −2.16 −2.73 −0.93 −2.34
Blue 0 0.62 1.14 −0.40 0.26 2.22 2.27
Compass 5 11 0.59 0.74 0.63 −0.03 0.63
Crystal 8 5 16 1.08 1.05 0.71 0.06
Lion’s	Mane 4 24 9 10 0.60 0.84 0.39
Mauve 1 1 7 30 1 0.48 −0.71
Moon 5 9 11 21 8 14 0.46
Nitrogen	(‰)
Barrel 0.79 NA −2.08 −1.85 −1.37 7.10 −0.60
Blue 0.44 0.49 −1.47 0.02 1.63 0.78
Compass 0.52 −3.55 −0.30 −0.19 −3.68
Crystal 1.65 1.34 5.22 2.54




Barrel 0.45 NA 0.13 0.37 0.83 1.45 0.88
Blue 0.62 −0.74 0.65 −0.1 −0.01 −0.49
Compass 0.41 0.15 0.53 −0.19 −0.39
Crystal 0.75 −0.62 0.50 −0.34
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(Figure	8c).	The	isotopic	range	in	sulphur	is	relatively	small	across	
the	shelf,	with	the	majority	of	cells	falling	between	values	of	20.5	
and	 22.5‰,	 in	 comparison	 to	 the	 large	 variability	 observed	 in	
carbon	 and	 nitrogen	 isotope	 ratios	 (Figure	8e).	 The	 highest	 δ34S	
values	 (>21.5‰)	 are	 observed	 in	 the	 northern	North	 Sea,	 north	
Scotland	 and	 Ireland	 into	 the	 northwest	 Irish	 Sea	 (Figure	8e).	 A	
clear	 isotopic	 gradient	 is	 predicted	 between	 the	 northern	 and	
southern	 North	 Sea,	 with	 decreasing	 values	 into	 the	 southwest	
North	 Sea.	 Lowest	 δ34S	 values	 are	 predicted	 off	 the	 southwest	
coast	of	the	United	Kingdom	and	into	the	Celtic	Sea	(Figure	8e).
Variance	 surfaces	 show	 broadly	 similar	 patterns	 for	 each	 iso-
tope	element,	with	 low	variance	values	 (<2‰)	across	 the	majority	
of	 the	 shelf,	 and	 increased	 variance	 values	 observed	 within	 the	








Isles.	We	 have	 shown	 that	 INLA-	generated	 isoscape	models	 have	




collection	 of	 reference	 samples	 from	 a	 single	 species	 would	 be	
impossible.





INLA	 approach	 addresses	many	 common	 constraints.	 By	 using	
the	 INLA	 approach,	 we	 are	 able	 to	 incorporate	 environmental	
data	 and	 a	 species	 random	effect	 into	 our	 isoscape	prediction	
models.	 Although	 this	 can	 also	 be	 achieved	 by	 using	 a	 mixed	
effects	 model	 approach	 (Courtiol	 &	 Rousset,	 2017),	 the	 INLA	
approach	 is	 unique	 in	 that	 it	 provides	 a	 computationally	 rapid	
technique	 to	 quantify	 the	 spatial	 variance	 due	 to	 the	 species	
random	effect,	which	is	essential	for	accurate	measures	of	vari-
ance	 and	 subsequent	 isoscape	 assignments.	 In	 addition,	 INLA	








Region Isoscape Model DIC t R 95% df
NS Nitrogen No	interactions 207.5 8.3 0.75 0.60,0.84 55
NS Nitrogen First-	order	interactions 220.2 11.8 0.85 0.75,0.90 55
NS Nitrogen No	interactions	+	spatial 207.2 8.3 0.75 0.60,0.84 55
NS Nitrogen First-	order	interactions	+	spatial 219.2 11.8 0.85 0.75,0.91 55
NS Carbon No	interactions 176.7 5.5 0.59 0.39,0.74 55
NS Carbon First-	order	interactions 194.4 8.3 0.75 0.60,0.84 55
NS Carbon No	interactions	+	spatial 176.5 5.5 0.60 0.40,	0.74 55
NS Carbon First-	order	interactions	+	spatial 193.4 8.3 0.75 0.60,0.84 55
UK	Shelf Nitrogen No	interactions	+	spatial	 
+	f(species)
2,411.8 31.0 0.78 0.75,0.81 604
UK	Shelf Nitrogen First-	order	interactions	+	spatial	 
+	f(species)
2,398.6 32.9 0.80 0.77,0.82 604
UK	Shelf Carbon No	interactions	+	spatial	 
+	f(species)
2,109.4 10.3 0.38 0.32,0.45 604
UK	Shelf Carbon First-	order	interactions	+	spatial	 
+	f(species)
2,090.4 13.0 0.47 0.40,0.53 604
UK	Shelf Sulphur No	interactions	+	spatial	 
+	f(species)
1,469.8 11.9 0.43 0.36,0.50 604
UK	Shelf Sulphur First-	order	interactions	+	spatial	 
+	f(species)
1,458.1 14.2 0.50 0.44,0.56 604











Given	 that	 the	 INLA	 approach	draws	on	 environmental	 correlates	







the	 entire	 region	 of	 interest,	 or	where	 spatial	 variation	 in	 isotope	
values	is	expected	to	occur	at	smaller	spatial	scales	than	the	spacing	
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than	spatially	varying	terms.	In	our	case,	INLA	allowed	us	to	identify	






able	 to	 explain	 all	 isotopic	 differences	 between	 species,	 whereas	










between	 species;	 however,	 the	 same	 concept	 applies	 whenever	
data	with	known,	or	 assumed,	differences	must	be	 combined.	For	
example,	 in	 isoscape	 models	 where	 plankton	 or	 zooplankton	 are	
sampled	and	grouped	(McMahon,	Hamady,	&	Thorrold,	2013;	Schell,	
Barnett,	 &	 Vinette,	 1998);	 where	 data	 have	 been	 collected	 from	
multiple	sources	(Bataille	et	al.,	2018);	or	where	different	sampling	
techniques	 have	 been	 adopted.	 The	 same	 approach	 could	 also	 be	
used	to	incorporate	temporal	variability	in	sample	collection	(Bowen	
&	 Revenaugh,	 2003;	 Flockhart	 et	al.,	 2013).	While	 samples	 in	 the	
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sonally	 stratified	 regions	 (e.g.	northern	North	Sea	and	Celtic	Sea),	
experience	nutrient	 limitation	and	reduced	fractionation	 (Goericke	
&	Fry,	1994),	resulting	in	higher	δ13C	values	(Figure	8).
Isotopic	 ratios	 are	 also	 strongly	 influenced	 by	 freshwater	 and	
terrestrial	 inputs.	 Freshwater	 has	 a	 lower	 δ34S	 ratio	 compared	
to	 seawater	 (Fry,	 2002),	 reducing	δ34S	values	 in	 regions	with	high	
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